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Investigation of possibility of creation of a superconductor quantum register.
A.A. Burlakov, V.L. Gurtovoi, S.V. Dubonos, A.V. Nikulov and V.A. Tulin
Institute of Microelectronics Technology and High Purity Materials,
Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, RUSSIA.
Multiple and single measurements of quantum states of mesoscopic superconducting loops are
carried out in order to investigate a possibility of macroscopic quantum superposition and of creation
of a superconductor quantum register. Asymmetric superconducting rings are used in order to
be convinced that single measurement gives result corresponding to one of permitted states and
multiple one gives an average value on these states. We have measured magnetic dependencies of
resistance, rectified voltage and critical current on these rings. The observed quantum oscillations of
the resistance and the rectified voltage, corresponding to multiple measurement of quantum states,
give evidence of two permitted states at the magnetic flux inside the ring divisible by half of the
flux quantum. But the observed quantum oscillations of the critical current, corresponding to single
measurement, not only does not confirm these two quantum states, but are in a direct contradiction
with the observed oscillations of the resistance. It is assumed that the observed contradiction
between the results of measurements made on the same ring can testify to violation of the principle
of realism on the mesoscopic level that is a necessary condition for an opportunity of creation of a
quantum computer.
Introduction
In hundred years after the publications of the first
works which have founded bases of the quantum mechan-
ics, a problem of its interpretation are again actual, as
well as it was many years ago [1]. The battles concerning
interpretation of quantum mechanics stormed till 1930
years. Founders of the quantum theory, well understand-
ing value of this problem, devoted a lot of time to dis-
cussions on this theme. After 1930 years the long period
has followed during which majority of physicists did not
give due attention to understanding of bases of quan-
tum mechanics, having limited to use of the quantum
formalism. This formalism was and remains surprisingly
successful at the description of the various phenomena
observed already not only in microcosm. However, the
interpretation of the quantum mechanics remains as un-
clear as ever. In the book “Character of Physical Laws”,
Richard Feynman unabashedly declared, that ”nobody
understands quantum mechanics”. But the wonderful
difficulties of quantum mechanics are trivialized and the
problem of its interpretation is swept aside as unimpor-
tant philosophical distractions by the bulk of the physical
community.
Many physics continue to think that it is not neces-
sary to aspire to understand the quantum mechanics, if
its formalism worked and continues to describe perfectly,
how, at least, apparently, all observed phenomena. But
some experts on quantum mechanics, in particular the
Nobel prize winner on physics for 2003 of Anthon Leggett
[2], specify that just now interpretation of quantum me-
chanics has ceased to be only philosophical problem.
Development of technology and experimental techniques
have made possible an experimental research of problems
which were a subject of the pure philosophical dispute
between Einstein and Bohr. Moreover, these problems
have got practical importance. The most known and a
vivid example here is Einstein-Podolsky-Rosen paradox
[3] and the idea of quantum calculations connected to
it. This idea can be described at use of the formalism
of quantum mechanics, as is done in the majority of ar-
ticles and books. But at such formalistic approach it
is frequently lost that quantum superposition of states
and entanglement, underlying ideas of quantum compu-
tation, break the principle of realism. The contradiction
between quantum superposition and the principle of local
realism has been shown first by Einstein, Podolsky and
Rosen as far back as in 1935 [3] and expressed in formulas
by Bell in 1964 [4]. But no all researchers realize for the
present profundity and importance of this contradiction
for quantum physics. Because of the formalistic approach
many researchers omit from the circumstance, important
for search of ways of creation of a quantum computer,
that it is necessary to break the principle of realism for
realization of the idea of quantum computation.
By the present time there are experimental evidences
of violation of realistic prediction only at the level of ele-
mentary particles [5]. Contrary to the belief of Einstein,
Podolsky and Rosen [3], experiments give evidence corre-
lation (Einstein-Podolsky-Rosen correlation) between re-
sults of measurements of photon states divided more than
macroscopic distance. This experimental result disprove
the principle of local realism, proceeding from which, au-
thors [3] have undertaken attack to the Copenhagen in-
terpretation of quantum mechanics. But development
of technology, even at the most optimistic variant, will
not allow in the nearest years to create really working
quantum computer at the atomic level. Therefore an op-
portunity of creation in foreseeable by the future really
working quantum computer it is directly connected to a
fundamental problem of existence of the EPR correlation
at levels above atomic, first of all at mesoscopic level. The
technology already for a long time has mastered the level
micron sizes and now creation of nano-structures is not
difficult problem. Therefore a proof of the entanglement
existence at this level of sizes would point out a real way
2to creation of a quantum computer.
But on the levels above atomic, the quantum mechan-
ics comes in the contradiction with principles not only lo-
cal, but also macroscopic realism [6]. Therefore, the proof
of violation of predictions of realistic theories should be
here, at least, not less strict and unambiguous than it
has been made in experiments with photons [5]. Such
proofs are not obtained for the present. Some authors,
not understanding profundity and fundamental nature of
the problem, claim on experimental evidence of quantum
superposition of macroscopic state, although their results
can in no way prove violation of the principle of realism.
One may say that this problem was not investigated for
the present. It is known and, certainly, it is proved, that
there are quantum phenomena on mesoscopic and macro-
scopic levels. Almost all these phenomena are connected
anyhow to the Bohr’s quantization. But existence of the
Bohr quantization yet does not mean automatically ex-
istence of superposition of states. The Bohr quantiza-
tion does not contradict to the principle of realism and
there is not necessary to ask “Is the flux there when no-
body look?” [6] or even “Is the moon there when nobody
look?” [7].
Base element of a quantum computer is quantum bit –
qubit, i.e. a quantum system which can be in superposi-
tion of two quantum states [8, 9]. According to the uni-
versally recognized points of view [10], a superconducting
ring is quantum system with two permitted states with
the same energy when the magnetic flux inside it Φ is di-
visible by half of the flux quantum Φ0 = pi~/e. Therefore
such ring interrupted by Josephson junctions is consid-
ered as possible quantum bit, flux qubit [11]. There can
be no doubt that superconductivity is macroscopic quan-
tum phenomenon. All multitude of experimental results
give evidence of this. The superconducting state is de-
scribed by uniform wave function and between two points
of a superconductor, separated with any distance, exists
phase coherence. It allows to hope that a chain of su-
perconducting rings can be used as a quantum register
[12]. Modern technology can make such structure and
creation of the quantum register with enough big num-
ber of qubits could become a reality if superposition of
states and EPR correlation exists not only on the level
of elementary particles.
Superposition of two quantum states, according to con-
ventional logic, assumes existence of these two states.
But the term “existence” can be hardly applied in quan-
tum world because of violation of the principle of realism.
According to the quantum doctrine, a measurement does
not, in general, reveal a preexisting value of the measured
property [13]. On contrary, the outcome of a measure-
ment is brought into being by the act of measurement
itself. Both Einstein and Bohr were agreed that the quan-
tum theory can provide only a prediction of a result of
measurement and can not provide a full account of “how
nature did it” [1]. But Einstein considered it as a defect
of the theory whereas Bohr stated that it is distinctive
feature of the quantum world and all hope of attaining
a unified picture of objective reality must be abandoned.
The experimental evidences of violation of realistic pre-
dictions force to agree with Bohr that we can say on
result of measurement only. According to this point of
view, superposition of quantum states assumes that sin-
gle measurement should give result corresponding to one
of the permitted states and multiple measurement should
give average value on the both permitted states. The re-
sults of such measurements, carried out on asymmetric
superconducting rings, are the content of the present ar-
ticle.
1. MULTIPLE AND SINGLE MEASUREMENTS
OF QUANTUM STATES OF A
SUPERCONDUCTING RING.
We did not put the task to research of a possibility of
state superposition. We wanted to check up, that mea-
surements give that they should give according to our
supposition about quantum states of a superconducting
ring. Therefore we used rings without Josephson junc-
tion.
1.1. Quantum states of a superconducting ring.
The spectrum of the permitted states of a supercon-
ducting ring is discrete because of the Bohr quantization
∮
l
dlp =
∮
l
dl(mvs+2eA) = m
∮
l
dlvs+2eΦ = n2pi~ (1)
Velocity circulation of superconducting pairs along a con-
tour l ∮
l
dlvs =
2pi~
m
(n−
Φ
Φ0
) (2)
can not be equal to zero at magnetic flux inside this con-
tour not divisible by the flux quantum. It is consequence
of quantization (1) generalized momentum mv + 2eA,
equal to the sum of products of mass on the velocity mv
and a charge of pair 2e on a vector potential A. Here
it is important to remember, that the vector potential A
is not gauge-invariant value: A does not differ physically
from A+▽ψ, if ψ a simple function without singularity.
The integral from gradient of such function ▽ψ along a
closed path is equal to a zero
∮
l
dl▽ψ. Therefore the in-
tegral from a vector potential along a closed path, equal
to a magnetic flux inside this path
∮
l
dlA = Φ, is gauge -
invariant value, in contrary to the integral along no closed
path. This feature is important for understanding of
qualitative difference of superconducting loops without
and with Josephson junction.
According to (2) and to a condition of a constancy
of value of superconducting current Ip = sjp = s2ensvs
along ring circumference, the quantum number n is un-
equivocally connected to gauge-invariant values Φ and
3Ip which can be measured. But it becomes not so if
the superconducting contour ”is broken off” by Joseph-
son junction, the current through which is proportional
to sine Ip = Ic sin∆φ of a phase difference ∆φ of wave
function [14]. In this case the condition of quantiza-
tion (1)
∮
l
dlp =
∮
l
dl~ ▽ ψ = n2pi~ and the continu-
ity of current Ip = sjp = s2ensvs = Ic sin∆φ do not
give unequivocal connection between quantum number
n and the measured physical values Φ and Ip, since
sin∆φ = sin(∆φ + n2pi). Nevertheless the current Ip
is not equal to zero at Φ 6= nΦ0 in a superconducting
loop with Josephson junction, as well as without it. In
the case, considered in the majority of works, when a
critical current of Josephson junction much less than a
critical current of the loop Ip = −Ic sin(2piΦ/Φ0) [14].
The equilibrium direct current Ip, existing because of
the Bohr quantization, has been named in the beginning
of 60-years persistent current [15]. Later this term be-
gan to be used for the equilibrium current observed in
normal metals and semiconductors [16]. Let note an
important difference between a loop with and without
Josephson junction: the persistent current equals zero
Ip = −Ic sin(2piΦ/Φ0) = −Ic sin(2pin + pi) = 0 at full
magnetic flux inside the loop Φ = (n + 0.5)Φ0 in the
first case whereas in the second case a superconducting
state with Ip = 0 is forbidden at Φ = (n + 0.5)Φ0. It
is more important that two permitted states with low-
est energy and opposite directed velocities exist in sec-
ond case because of the difference of the quantum num-
ber n and n + 1: vs ∝ n − Φ/Φ0 = 1/2 atn + 1 and
−1/2 at n. In contrast to this a loop with Joseph-
son junction can be two-state quantum system, consid-
ered as possible qubit [11], only due to the difference of
full flux Φ = Φext + ΦI from the one Φext = BS cre-
ated by external magnetic field B in the loop with area
S: Ip = −Ic sin(2piΦ/Φ0) = −Ic sin(2piΦI/Φ0 + pi) =
Ic sin(2piΦI/Φ0) at Φext = (n + 0.5)Φ0. Two state
can exist when the flux created by the persistent cur-
rent ΦIp = LIp is great enough, i.e. when parameter
βe = 2piLIc/Φ0 > 1 [14]. Just for this case a possi-
bility of superposition of macroscopic quantum states is
assumed [11] and its contradiction with of macroscopic
realism is considered [6]. But for an observation of two
states assumed at Φ = (n + 0.5)Φ0, it is better to use
a ring without Josephson junction since there is much
more probable, than assumed quantum tunneling [17], a
switching of a loop with Josephson junction between two
permitted states by an uncontrollable noise which are at
any real measurements. In this case any measurement
will give an average value of the permitted states.
In a ring without Josephson junction, Fig. 1, where
the quantum number n is unequivocally connected to the
real physical values Φ and Ip, transition between quan-
tum states is possible only at break of connectivity of
wave function. Therefore uncontrollable noise should not
influence on results of measurements. The energy dif-
ference between the permitted levels of any real super-
conducting ring, proportional to number of pairs in the
FIG. 1: An SEM image of the asymmetric Al ring with radius
r = 2 µm and semi-ring width wn = 0.2 µm, ww = 0.3 µm.
Directions accepted as positive of the external current Iext
and the persistent current Ip are shown by arrows.
FIG. 2: An SEM image of the asymmetric Al superconduct-
ing quantum interferometer, i.e. a superconducting loop with
two Josephson junction (J.j.), fabricated by us with suspended
shadow mask technique. The size of the square loop is equal
4 µm.
ring, is much greater than energy of thermal fluctuations
kBT , [18]. Therefore the level with the least energy, i.e.
with the least square of velocity v2s ∝ (n − Φ/Φ0)
2, has
overwhelming probability. Numerous observations [19]
of the Little-Parks oscillations [20] of resistance of su-
perconducting loop give experimental evidence this over-
whelming probability even near the critical temperature
T ≈ Tc. According to the universally recognized expla-
nation [10], the periodic change of resistance R(Φ/Φ0) of
a thin-walled superconducting cylinder [20] or ring [19],
measured at the temperature corresponding to resistive
transition Rln > Rl > 0, is result of critical temperature
change ∆R(Φ/Φ0) ∝ −∆Tc(Φ/Φ0). The Tc reduction at
Φ 6= nΦ0 is connected with increase in energy of super-
4conducting state ∝ v2s(Φ/Φ0) at vs ∝ n − Φ/Φ0 6= 0:
−∆Tc(Φ/Φ0) ∝ v
2
s ∝ (n − Φ/Φ0)
2 [10]. Experimental
observation of periodic reduction of critical temperature
of a ring with magnetic field [19] corresponds enough well
to ∆Tc(Φ/Φ0) ∝ −(n − Φ/Φ0)
2, where n is the integer
corresponding to minimum of (n− Φ/Φ0)
2.
All observations of the Little-Parks oscillation testify
that the square velocity of superconducting pairs has
maximal values at Φ = (n + 0.5)Φ0 and minimal at
Φ = nΦ0. Proceeding from the universally recognized ex-
planation [10] it is possible to assume also, that velocity
changes sign at Φ = (n+ 0.5)Φ0. But, strictly speaking,
the Little-Parks experiment cannot prove the direction
change, since the resistance variation ∆R ∝ v2s(Φ/Φ0).
A change of a phases difference between two rings con-
nected by Josephson junctions was interpreted in [21] as
a consequence of the direction inversion of velocity of su-
perconducting pairs in one of the rings. In the present
work we put a task to fix this inversion, measuring the
critical current of the asymmetric ring, as shown on Fig.
1.
1.2. Critical current of an asymmetric ring.
The critical current both superconducting quantum in-
terferometer [10], i.e. a superconducting loop with two
Josephson junction, Fig. 2, and a ring [22], is periodic
function of magnetic field. The critical current of an
asymmetric ring, Fig. 1, in contrast to symmetric one,
should depend not only on value, but also on the di-
rection of velocity of superconducting pairs. The ve-
locity vsn in narrow (with section sn) and vsw in wide
(with section sw) semi-rings are determined by the value
of the measuring current Iext = In + Iw = snjn +
swjw = 2ens(snvsn + swvsw) and the Bohr’s quantiza-
tion (1), according to which (2) lnvsn − lwvsw = l(vsn −
vsw)/2 = (2pi~/m)(n − Φ/Φ0): vsn = Iext/2ens(sn +
sw) + (2~/mr)sw/[(sn + sw)](n − Φ/Φ0) and vsw =
Iext/2ens(sn + sw)− (2~/mr)sn/[(sn + sw)](n− Φ/Φ0).
Here and further left-right direction for Iext, vsn, vsw and
clockwise direction for Ip are chosen as positive, Fig. 1.
Transition in the resistive state occurs when pair veloc-
ity reaches critical value in narrow |vsn| = vsc or wide
|vsw| = vsc semi-ring. At the positive (left-right ) di-
rection of the measuring current Iext it takes place in
narrow semi-ring when the value Ip ∝ n− Φ/Φ0 is posi-
tive (has clockwise direction) and in the wide one when
Ip ∝ n− Φ/Φ0 is negative. The critical current is equal
in the first case
Ic+ = Ic0 − 2Ip,A|n−
Φ
Φ0
|(1 +
sw
sn
) (3a)
and in the second case
Ic+ = Ic0 − 2Ip,A|n−
Φ
Φ0
|(1 +
sn
sw
) (3b)
FIG. 3: Magnetic dependencies of the lowest permitted ve-
locity v ∝ n − Φ/Φ0 (1), the average equilibrium velocity
v ∝ n − Φ/Φ0 (2), the velocity square v
2
∝ (n − Φ/Φ0)
2
(3) and the critical current Ic+, Ic− (4) expected according
to the equations (3a) and (3b) for a ring with sw/sn = 2,
Ic0 = 3.5 µA, Ip,A = 0.5 µA.
Here Ic0 = 2ens(sn + sw)vsc is the critical current at
Φ/Φ0 = n; Ip,A = 2ens(~/mr)snsw/(sn + sw) is the
value corresponding to amplitude of the persistent cur-
rent oscillations when the n − Φ/Φ0 value changes be-
tween−0.5 and 0.5. For the critical current Ic− measured
in the negative (right-left) direction, expressions are sim-
ilar but the (3a) is applied at Ip ∝ n − Φ/Φ0 < 0 and
(3b) at Ip ∝ n− Φ/Φ0 > 0. The expected dependencies
Ic+(Φ/Φ0), Ic−(Φ/Φ0) are plotted on Fig. 3 for values
sw/sn = 2, Ic0 = 3.5 µA, Ip,A = 0.5 µA.
A break should be expected in the dependencies
Ic+(Φ/Φ0) , Ic−(Φ/Φ0) (3), Fig.3, because of the direc-
tion inversion of the persistent current at Φ = (n+0.5)Φ0.
The difference (anisotropy) of the critical currents mea-
sured in opposite directions, should be proportional to
the persistent current Ic,an = Ic+ − Ic− = Ip(sw/sn −
sn/sw) = 2Ip,A(n − Φ/Φ0)(sw/sn − sn/sw) according
to (3), that is should be periodic, sign-variable function
of magnetic field Ic,an(Φ/Φ0). This anisotropy of the
current-voltage curves should result in the rectification of
an alternating current, for example Iext = I0 sin(2pift).
The rectified voltage Vdc = Θ
−1
∫
Θ
dtV (Iext(t)) should
be periodic sign-variable function of magnetic field
Vdc(Φ/Φ0). Such quantum oscillations of the rectified
voltage were observed on an asymmetric aluminum ring
[23] and superconducting quantum interferometer [24].
1.3. Multiple measurements of quantum states.
Measurement of the rectified voltage [23] corresponds
multiply measurement of quantum states of the super-
conducting ring. We have carried out detailed measure-
ments of magnetic dependencies of the rectified voltage
5FIG. 4: A typical current-voltage curve measured on an
asymmetric aluminum ring.
Vdc(Φ/Φ0) both on single rings, with various asymmetry
sw/sn = 1.25 ÷ 2, and systems of rings with the iden-
tical diameter, connected in series. The investigations
were carried out on aluminum nano-structures at temper-
atures T = 1.19 ÷ 1.3 K. Film structures with temper-
ature of superconducting transition Tc = 1.23÷ 1.27 K,
the resistance on square ≈ 0.5 Ω/⋄ at T = 4.2 K and the
resistance relation R(300K)/R(4.2K) = 3 were used. All
rings had identical diameter 2r = 4 µm. Thickness of the
film used for creation of structure was d = 40 ÷ 50 nm.
We had been investigated rings with identical length
lw = ln = pir = 6.3 µm and different width of semi-
rings: ww = 0.4 µm, wn = 0.2 µm; ww = 0.3 µm,
wn = 0.2 µm; ww = 0.25 µm, wn = 0.2 µm, and
also symmetric rings with ww = wn = 0.4 µm. Semi-
rings sections sw = wwd ≈ 0.01 − 0.02 µm
2 and sn =
wnd ≈ 0.008 − 0.02 µm
2 was less than square of cor-
relation length ξ2(T ) and London penetration depth of
magnetic field λ2L(T ) in all cases. Such superconducting
channels with small section can be considered as one-
dimensional.
Current-voltage curves (CVC) of such superconduct-
ing aluminum rings, Fig. 1, have a hysteresis and sharp
transition in the resistive state at < 0.985Tc, Fig. 4.
The value of critical current Ic+, Ic−, at which this tran-
sition is observed, corresponds to the value of critical ve-
locity vsc of superconducting pairs [10]. It is typical for
superconducting channel with small section. Our mea-
surements of the CVC have shown that the value Irs
of the current, at which returning in superconducting
state is observed, Fig.4, does not depend on magnetic
field and direction of the measuring current. In con-
trast to this the critical current Ic+, Ic− and their differ-
ence (anisotropy) Ic,an = Ic+ − Ic− change periodically
with value of magnetic field. The rectified voltage should
be proportional to average value (obtained at multiple
measurement) of the anisotropy of the critical current
Vdc ∝< Ic,an >=< Ic+ − Ic− > at I0 > Ic+, Ic−, since it
FIG. 5: The quantum oscillations of the rectified voltage
Vdc, induced by the ac current with frequency f = 0.5 kHz
and amplitude I0 = 20 µA at T = 0.973Tc, and the Little-
Parks oscillations R at T = 0.998Tc, measured on the ring
with wn = 0.2 µm, ww = 0.3 µm and Tc = 1.288 K.
the voltage average on time Vdc = Θ
−1
∫
Θ
dtV (Iext(t)).
For investigation of magnetic dependencies of the rec-
tified voltage and other properties we used the following
technique. Magnetic field Bsol = ksolIsol, perpendicular
planes of sample, was created by a current Isol in the
copper solenoid located outside of cryostat. The gauge
constant of the solenoid was equal ksol = 129 G/A. The
periods B0 = Φ0/S = 1.4 ÷ 1.6 G of all periodic de-
pendencies Vdc(B), R(B), Ic(B) met to the area of the
rings S = pir2 = 14.8 ÷ 13.0 µm2, used for measure-
ment. Where the r = 2.2 ÷ 2.0 µm values are close
to internal radius of the given ring. For reduction of
the Earth magnetic field the cryostat was shielded. The
residual field was Bres ≈ 0.15 G, i.e. about one tenth
of the period B0 of observed oscillations. Owing to the
incomplete shielding a minimum of resistance R(Bsol)
and zero value of the rectified voltage Vdc(Bsol) were ob-
served at Bsol = −Bres ≈ −0.15 G. The measured de-
pendencies are plotted in the paper as function of the
magnetic flux inside the ring Φ = SB = S(Bsol +Bres),
created by full external field Bsol + Bres. Exact value
of the ring area S got out of the condition of equality
of the period oscillations Vdc(B), R(B), Ic(B) to the
flux quantum S = Φ0/B0. Exact value of the residual
magnetic field Bres got out of the condition of mini-
mum R(Φ) and Vdc(Φ) = 0 at Φ = 0, and the condi-
tion Ic−(Φ) = Ic+(−Φ). The value Bres was approx-
imately identical in all cases. We used approximation
Φ = Φext + ΦI ≈ Φext = S(Bsol + Bres), i.e. neglected
the magnetic flux Φp, created by the external current
Iext and the persistent current Ip, because of its negli-
gible value ΦI < 0.04Φ0 at the small values of the ring
inductance L = 2 10−11 H , Iext and Ip in our work.
Our measurements have shown that the rectified volt-
age Vdc(Φ/Φ0) appears when the amplitude of exter-
nal current I0 exceeds minimal of the critical values
6I0 > min(Ic+, Ic−), its amplitude reaches a maximum
at min(Ic+, Ic−) < I0 < max(Ic+, Ic−) and decreases
with further increase I0. Such behaviour is observed
for all interval of frequencies (from f = 10 Hz to
f = 1 MHz) of the external current and temperature
(T = 0.95 ÷ 0.995Tc), investigated by us. The quantum
oscillations of the rectified voltage Vdc(Φ/Φ0) observed on
all rings cross zero value at Φ = nΦ0 and Φ = (n+0.5)Φ0,
Fig. 5, in all cases.
Our observations of these quantum oscillations confirm
periodic change of sign and value of equilibrium veloc-
ity of superconducting pairs determined by the quan-
tization (1). It is important to emphasize that the
rectified voltage which should correspond to multiple
measurements of the velocity along the ring circumfer-
ence of Vdc ∝< Ic,an >=< Ip > (sw/sn − sn/sw) =
2Ip,A(< n > −Φ/Φ0)(sw/sn − sn/sw) ∝< vs > equals
zero at Φ = nΦ0 and Φ = (n + 0.5)Φ0. According
to the condition of quantization, the average velocity
< vs >∝< n > −Φ/Φ0 equal to zero at Φ = nΦ0 because
the single permitted state with the least energy has zero
velocity < vs >= vs ∝ n − Φ/Φ0 = n − n = 0. In con-
trast to this, the state with zero velocity is forbidden at
Φ = (n + 0.5)Φ0. But it is assumed that there are two
permitted states, n and n+1, having equal and opposite
directed velocity and identical probability. Therefore the
average velocity is assumed to equal zero < vs >∝< n >
−Φ/Φ0 ∝ 0.5 + (−0.5) = 0. Our observations Vdc = 0 at
Φ = (n + 0.5)Φ0 and Vdc 6= 0 at Φ 6= (n + 0.5)Φ0, Fig.
5, corroborate this assumption. The energy of states n,
n + 1 and, hence, their probabilities are not equal at a
deviation of Φ from Φ = (n+ 0.5)Φ0. Therefore the rec-
tified voltage Vdc ∝< vs > has positive or negative value,
depending on a sign of the deviation, Fig. 5.
Our measurements of the Little-Parks oscillations of
resistance R(Φ/Φ0) of the same asymmetric rings have
shown that the R(Φ/Φ0) minimums are observed at
Φ = nΦ0 and the R(Φ/Φ0) maximum are observed at
Φ = (n + 0.5)Φ0, Fig. 5, as well as for symmetric rings.
This result, together with the observation Vdc = 0 at
Φ = nΦ0 and Φ = (n+ 0.5)Φ0, give evidence single per-
mitted state at Φ = nΦ0 and two permitted state at
Φ = (n+ 0.5)Φ0 since ∆R(Φ/Φ0) ∝ v
2
s , according to the
universally recognized explanation [10]. It is impossible
logically to explain the observation of the maximum of
∆R(Φ/Φ0) ∝ v
2
s and Vdc ∝< vs >= 0 without the as-
sumption of two permitted states with the same proba-
bility at Φ = (n+ 0.5)Φ0.
The measurements of the Little-Parks oscillations
R(Φ/Φ0) are made at the temperatures corresponding
to superconducting transition where thermal fluctuations
switch a ring between states with different connectiv-
ity of wave function [18] and the permitted states n,
n+1. Therefore these measurements correspond to mul-
tiple measurements of the square velocity of pairs as well
as the measurements of the rectified voltage Vdc(Φ/Φ0)
correspond to multiple measurements of the pair velocity.
Thus, we may state, that multiple measurements give ev-
idence of two permitted states n, n+1 at Φ = (n+0.5)Φ0
with velocities equal on value and opposite on direction
vs ∝ n − Φ/Φ0 = 0.5 or −0.5. It is necessary to con-
firm this result by measurement of the critical current
of the same asymmetric ring. This measurement should
correspond to single measurement of quantum states.
1.4. Single measurement of quantum states.
Our measurements have shown, that at achievement
by measuring current Iext of a critical value Ic+, Ic−
whole structure turns by jump into the resistive state,
Fig.4. Such sharp transition, observed both for single
ring and for system of 20 rings with the common length
160 µm, is typical for narrow superconducting channel.
The jump in the normal state ns = 0 of any segment
of structure at the critical velocity of pairs vs = vsc in-
duces, because of the proximity effect, a reduction of pair
density ns in adjacent segments. This reduction results
to increase in velocity vs in these segment up to criti-
cal value and to transition in the normal state since the
current I = s2ensvs. The energy difference between the
permitted levels in a ring remains very high up to its
transition in the resistive state since the density of pairs
decreases not strongly at the increase of their velocity up
to the critical value ns(vs = vs) = 2ns(vs = 0)/3 [10].
Therefore, any switching of the ring between the permit-
ted states by thermal fluctuations or even uncontrollable
noise is impossible. A ring falls down in a superconduct-
ing state with one of values of quantum number n, when a
measuring current Iext decreases down to Irs, Fig. 4, and
should remain in this quantum state up to the transition
in the resistive state at Ic+ or Ic−. Therefore the mea-
surement of critical currents Ic+, Ic− should correspond
to single measurement of quantum states of the ring: the
value Ic+, Ic− measured at Φ = (n+ 0.5)Φ0 should cor-
respond to a state n or n+1, but no their average value.
In contrast to this it is impossible to guarantee that a
loop with Josephson junction is not switched between the
quantum states n, n+1 by an uncontrollable noise. It is
advantage of the ring without Josephson junction, Fig.
1, over the loop with Josephson junctions, Fig. 2, for the
single measurement of two states at Φ = (n+ 0.5)Φ0.
For the single measurement of quantum states we used
the following technique. Dependence of the critical cur-
rent on magnetic field Ic+(B), Ic−(B) was measured from
periodically repeating CVC (10 Hz) in slowly varying
magnetic field (∼ 0.01 Hz) on the following algorithm:
the condition of a finding of the structure in supercon-
ducting state was checked, and then, when the measured
voltage excesses a threshold value, the magnetic field
and the critical current were measured. Thus the crit-
ical current in positive Ic+(B) and negative Ic−(B) di-
rections of the measuring current Iext was consistently
measured. For measurement of one dependence Ic+(B),
Ic−(B), containing 1000 points, it was required about
100 seconds.
7FIG. 6: The quantum oscillations of the critical current Ic+,
Ic− measured in opposite directions on the rings with different
asymmetry: 1) wn = 0.2 µm, ww = 0.25 µm at T = 0.975Tc;
2) wn = 0.2 µm, ww = 0.3 µm at T = 0.987Tc; 3) wn =
0.2 µm, ww = 0.4 µm at T = 0.969Tc.
According to the conventional logic if mutiple mea-
surements have proved existence of two states n, n + 1
at Φ = (n + 0.5)Φ0, single measurement should confirm
it. It means, that the break should be observed on the
Ic+(Φ/Φ0), Ic−(Φ/Φ0) dependencies of asymmetric rings
at Φ = (n + 0.5)Φ0, Fig. 3. However our measurements
have not revealed such breaks. Moreover, we have re-
ceived the oscillations Ic+(Φ/Φ0), Ic−(Φ/Φ0), Fig. 6,
qualitatively distinguished from the one (3), Fig. 3, ex-
pected according the condition of quantization (2). We
have found out, that the oscillations of the critical current
measured in opposite directions, are similar Ic−(Φ/Φ0) =
Ic+(Φ/Φ0 +∆φ), i.e. are superposed at a shift of one of
the dependencies on the value equal to half of the flux
quantum ∆φ = 0.5. We had been measured the depen-
dencies Ic+(Φ/Φ0), Ic−(Φ/Φ0) on rings with various rela-
tion of semi-ring sections sw/sn = ww/wn = 1.25; 1.5; 2,
i.e. with various anisotropy, in an interval of tempera-
tures T = 0.96 ÷ 0.99Tc in which the value of a critical
current changed on the order, from 3 µA to 30 µA. Mea-
surements have shown that the shift equals to half of the
flux quantum with accuracy 0.02, ∆φ = 0.5± 0.02, in all
these cases, in spite of the difference of the anisotropy
and the critical current. The observations of many peri-
ods of the Ic+(Φ/Φ0), Ic−(Φ/Φ0) oscillations, up to 30,
allow us to determine the shift with this high accuracy.
It is obvious that the CVC of an absolutely symmet-
ric ring should be symmetric Ic−(Φ/Φ0) = Ic+(Φ/Φ0).
The measurements, which have been carried out by us on
rings with identical semi-rings width ww = wn = 0.4 µm,
have shown what even small uncontrollable asymmetry
results in a small shift of the Ic+(Φ/Φ0), Ic−(Φ/Φ0)
dependencies. The best coincidence of the oscillations
Ic+(Φ/Φ0), Ic−(Φ/Φ0) measured by us on two rings with
ww = wn = 0.4 µm is observed at ∆φ ≈ 0.05 and
∆φ ≈ 0.07. We have measured also the oscillations
FIG. 7: The quantum oscillations of the critical current Ic+
Ic−, its anisotropy Ic,an = Ic+− Ic− and the rectified voltage
Vdc measured on the rings with wn = 0.2 µm, ww = 0.25 µm
at T = 0.975Tc.
Ic+(Φ/Φ0), Ic−(Φ/Φ0) on a ring with ww = wn = 0.4 µm
along most length of the semi-rings lw = ln = 6.3 µm,
but with the reduced width 0.3 µm of a small segment
with length 0.5 µm. This small controllable asymmetry
increases the shift up to ∆φ ≈ 0.25. Thus, even very
small asymmetry results in shift of the dependencies the
critical current measured in opposite directions.
1.5. Conformity between the measurement results
of the oscillations of the critical current and the
rectified voltage.
Although the observed, Fig. 6, and expected, Fig. 3,
oscillations of the critical current in magnetic field of
asymmetric rings are different in essence, in both cases
there is a periodic change of anisotropy of the critical cur-
rent Ic,an(Φ/Φ0) = Ic+(Φ/Φ0) − Ic−(Φ/Φ0), explaining
the observed periodic dependence of the rectified voltage
Vdc(Φ/Φ0). Our measurements have shown that max-
imums Vdc(Φ/Φ0) correspond to minimums Ic+(Φ/Φ0),
Ic−(Φ/Φ0) and Vdc(Φ/Φ0) ∝ −Ic,an(Φ/Φ0), Fig. 7. The
magnetic dependencies of the rectified voltage calculated
from the observed CVC and the Ic+(Φ/Φ0), Ic−(Φ/Φ0)
dependencies for different amplitude I0 of the external
current meet with the oscillations Vdc(Φ/Φ0) induced by
the ac current with appropriate amplitude I0.
The observed oscillations of anisotropy of the criti-
cal current Ic,an(Φ/Φ0) cross zero value at Φ = nΦ0
and Φ = (n + 0.5)Φ0, as well as the rectified voltage
Vdc(Φ/Φ0). However it is impossible to draw a con-
clusion from this experimental fact that our measure-
ments of the critical current correspond not single, but
to multiple measurements. Here it is important to em-
phasize, that the reasons of the observed anisotropy of
the critical current, Fig. 7, differs in essence from the
8reason of the expected anisotropy (3), Fig. 3. We ex-
pected that the anisotropy should result from a differ-
ence of the functions Ic+(Φ/Φ0), Ic−(Φ/Φ0), describing
the oscillations of the critical current measured in oppo-
site directions Fig.3. But we have found that in the ob-
served oscillations of the critical current its anisotropy
results from the difference of argument of these func-
tions: Ic−(Φ/Φ0) = Ic+(Φ/Φ0 + ∆φ) 6= Ic+(Φ/Φ0) at
∆φ 6= 0. It is very strange that no functions but their
arguments change at the appearance of a ring asymme-
try. The shift should be equal zero ∆φ = 0 for the os-
cillations of the critical current measured on an abso-
lutely symmetric ring since the CVC should be symmet-
ric Ic−(Φ/Φ0) = Ic+(Φ/Φ0) in this case. And we ob-
served that Ic−(Φ/Φ0) = Ic+(Φ/Φ0 + 0.05) ≈ Ic+(Φ/Φ0
for the oscillations measured on the ring with ww = wn =
0.4 µm closed to the symmetric one. But already for
the ring with enough small asymmetry ww/wn = 1.25
the maximum shift ∆φ = 0.5 is observed, i.e. the argu-
ment of the functions Ic+(Φ/Φ0), Ic−(Φ/Φ0) changes on
±0.25 relatively the function describing the oscillations
measured on the symmetric loop. This shift provides the
rectification effect observed on asymmetric rings but it
results in a contradiction not only with our expectation,
but also with results of measurement the Little-Parks os-
cillations of the resistance, obtained on the same rings.
1.6. The contradiction between the measurement
results of the critical current and resistance
oscillations.
It was written above that our investigation have shown
that the Little-Parks oscillations of resistance R(Φ/Φ0)
measured on the same asymmetric rings have shown that
their minimums are observed at Φ = nΦ0 and their max-
imums are observed at Φ = (n + 0.5)Φ0, Fig. 5, as
well as for symmetric rings. Thus, according to these
results and their universally recognized interpretation
∆R(Φ/Φ0) ∝ v
2
s [10] the square of the pair velocity
equals zero v2s = 0 at Φ = nΦ0 and v
2
s has the maxi-
mal value at Φ = (n + 0.5)Φ0 both in symmetric and
asymmetric rings. According to conventional mathemat-
ics these results mean that the absolute value of the ve-
locity |vs| = 0 at Φ = nΦ0 and has a maximal value
at Φ = (n + 0.5)Φ0 in accordance with the quantiza-
tion prediction (2). The periodicity of the critical cur-
rent dependencies Ic+(Φ/Φ0), Ic−(Φ/Φ0) with the pe-
riod equal to the flux quantum can not leave doubt in
that, it is quantum phenomenon caused by quantization
of pair velocity in the ring (2). It is impossible to explain
this periodic dependence except for the change of quan-
tum number n with change of magnetic flux Φ. There-
fore the position of the extreme values of the Ic+(Φ/Φ0),
Ic−(Φ/Φ0) should, according to conventional logic, coin-
cide with the position of the extreme values of the Little-
Parks oscillations R(Φ/Φ0). This coincidence is observed
for symmetric ring: the maximums and minimums of the
FIG. 8: The quantum oscillations of the critical current Ic+
Ic− at T = 0.975Tc, and the resistance R at T = 0.998Tc
measured on 1) the symmetric ring with wn = ww = 0.4 µm
and the asymmetric ring with wn = 0.2 µm, ww = 0.4 µm.
critical current Ic+(Φ/Φ0), Ic−(Φ/Φ0) are observed at
Φ = nΦ0 and Φ = (n + 0.5)Φ0 in accordance with (2).
But the shift of the argument of Ic+(Φ/Φ0), Ic−(Φ/Φ0)
on ∆φ/2 = ±0.25 with appearance of the ring asymmetry
results to the contradiction between results of the critical
current and resistance oscillations: the maximums and
minimums of the Ic+(Φ/Φ0), Ic−(Φ/Φ0) are observed at
Φ = (n + 0.25)Φ0 and Φ = (n + 0.75)Φ0 whereas the
maximums and minimums of the resistance R(Φ/Φ0) are
observed as usual at Φ = nΦ0 and Φ = (n+ 0.5)Φ0.
This contradiction between the results of measure-
ments made on the same asymmetric superconducting
rings is both obvious as experimental result and in-
explicable according to conventional logic. It is obvi-
ous that all periodic dependencies, both R(Φ/Φ0) and
Ic+(Φ/Φ0), Ic−(Φ/Φ0), observed on both symmetric
and asymmetric rings should be functions of the ar-
gument (n − Φ/Φ0). The change of this argument of
the Ic+(Φ/Φ0), Ic−(Φ/Φ0) functions with appearance
of the ring asymmetry means that either the full flux
Φ = Φext+ΦI in the asymmetric ring differs from the one
Φext we measure or the quantum number n has ceased
to be an integer. Our experimental results prove that
the first explanation is impossible. The additional flux
ΦIext = LIext(sw − sn)/2(sw + sn), created by measur-
ing current Iext < maxIc = 30 µA in our ring with in-
ductance L = 2 10−11 H does not exceed 0.04Φ0, at
the maximal anisotropy sw/sn = 2. Its value ΦIext =
LIext(sw−sn)/2(sw+sn) should depend on values of both
anisotropy sw/sn and the measuring current Iext which
is equal to the critical current Ic(T ), at the measure-
ment of the Ic+(Φ/Φ0), Ic−(Φ/Φ0) oscillations. There-
fore the observations of identical shift ±0.25Φ0 at the
anisotropy sw/sn from 1.25 ((sw−sn)/2(sw+sn) = 1/9)
to 2 ((sw − sn)/2(sw + sn) = 1/3) and critical current
Ic from 3 µA to 30 µA exclude the explanation of this
shift as a consequence of the difference of the full flux
9in ring Φ from the measured one Φext. We can not also
assume that the quantum number in the Bohr quantiza-
tion can be n ± 0.25 at the measurement of the critical
current oscillations Ic+(Φ/Φ0), Ic−(Φ/Φ0) and n at the
measurement of the Little-Parks oscillations R(Φ/Φ0).
According to the principle of realism, from two results
of measurements contradicting each other, at least, one
is incorrect. We observed the contradiction between the
results of the measurements of R(Φ/Φ0) and Ic+(Φ/Φ0),
Ic−(Φ/Φ0) obtained on asymmetric rings with different
degree of asymmetry. Our results testify that the con-
tradiction appears only with the appearance of a ring
asymmetry. It is hardly probable that these results can
be incorrect. Therefore it is possible to assume that the
observed contradiction is a display of violation of the
principle of realism on mesoscopic level.
2. CONCLUSION.
In order to a superconductor quantum register could
be possible macroscopic quantum superposition and the
EPR correlation should be observed on the mesoscopic
level. Some authors [25] have claimed already on obser-
vation of quantum superposition of macroscopic states in
superconducting loops. But before to state on this super-
position it was necessary to be convinced that single and
multiple measurements give that they should give. Such
investigations were made in our work. They have shown
that multiply measurements do not contradict a possi-
bility of two-states superposition whereas single measure-
ments do not confirm existence of the two states assumed
in [25]. The contradiction found in our work testifies
that the quantum phenomena on mesoscopic level are
less clear and investigated, than it is accepted to think,
proceeding from formal generalization of the quantum
principles, developed for the level of elementary particles,
on mesoscopic and macroscopic levels. In additional to
the obvious contradiction with macroscopic realism [6],
some principles of quantum mechanics come into colli-
sion with other fundamental bases of physics at these
levels [26]. Therefore, before to outline a way of creation
of quantum computer on the mesoscopic level we should
investigate comprehensively the validity and features of
application of quantum principles on this level. The ob-
vious logical contradictions and experimental results do
not allow us simply to generalize the quantum formal-
ism, which is enormously successful in describing nature
at the atomic level, on higher levels. A neglect of the
logical and experimental difficulties arising on the meso-
scopic level may mislead about a possibility and a way of
creation of quantum computer on this level.
The absence of an evidence of two state in asymmetric
superconducting ring at the single measurement, found in
our work, puts under doubt the statements [25] on obser-
vation of quantum superposition of macroscopic states.
Nobody can state about superposition of two states till
he will not prove that single measurements give result
corresponding to one of the permitted states. Many au-
thors consider the existence of two permitted states in
superconducting loop with half of the flux quantum as a
self-evident fact. But nobody must be sure of anything
in the quantum world till unambiguous experimental ev-
idence. Einstein, Podolsky and Rosen were sure [3] that
a process of measurement carried out on an one system
can not affect other system in any way. But experimen-
tal results [5] have shown that it can, i.e. that the EPR
correlation is possible.
The undermining of the belief in the experimental ev-
idence [25] of macroscopic quantum superposition is an
undermining of the belief in possibility of superconduc-
tor quantum register. But on the other hand our re-
sults inspire certain optimism concerning an opportunity
of creation of a real quantum computer. There is im-
portant to realize that no quantum computer is possible
without quantum superposition and the EPR correlation
violating the principle of realism, i.e. a superconductor
quantum register is not possible without an experimen-
tal evidence of violation of the principle of realism in a
superconductor structure. This problem is not investi-
gated for the present. The contradiction, found in our
work, between the results of measurements made on the
same ring may be very important for the problem of su-
perconductor quantum register if it is indeed an experi-
mental evidence of violation of the principle of realism on
the mesoscopic level. In order to corroborate or to refute
this assumption additional investigations are needed.
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